Neurosurg Focus 44 (6): E2, 2018 I n modern neurooncology, awake surgery combined with intraoperative direct electrical stimulation (DES) and intraoperative neuromonitoring (IONM) reflects the standard for resection of language-eloquent brain tumors. 19, 46, 48, 61, 62 This approach is favored over resection under general anesthesia due to the fact that it allows for language mapping during surgery, which aims to detect and spatially enclose language-related cortical and subcortical structures as an efficient way to reduce postoperative language deficits. 6, 46 Within the context of the so-called oncofunctional balance, a minimum rate of postoperative deficits should be achieved in combination with maximum ABBREVIATIONS AP = anterior-posterior; BOLD = blood oxygenation level-dependent; DES = direct electrical stimulation; DTI = diffusion tensor imaging; DTI FT = DTI fiber tracking; EOR = extent of resection; fMRI = functional MRI; GTR = gross-total resection; HGG = high-grade glioma; IONM = intraoperative neuromonitoring; KPS = Karnofsky Performance Scale; LGG = low-grade glioma; MEG = magnetoencephalography; nTMS = navigated transcranial magnetic stimulation; rMT = resting motor threshold; STR = subtotal resection. OBJECTIVE Awake surgery combined with intraoperative direct electrical stimulation (DES) and intraoperative neuromonitoring (IONM) is considered the gold standard for the resection of highly language-eloquent brain tumors. Different modalities, such as functional magnetic resonance imaging (fMRI) or magnetoencephalography (MEG), are commonly added as adjuncts for preoperative language mapping but have been shown to have relevant limitations. Thus, this study presents a novel multimodal setup consisting of preoperative navigated transcranial magnetic stimulation (nTMS) and nTMS-based diffusion tensor imaging fiber tracking (DTI FT) as an adjunct to awake surgery. METHODS Sixty consecutive patients (63.3% men, mean age 47.6 ± 13.3 years) suffering from highly language-eloquent left-hemispheric low-or high-grade glioma underwent preoperative nTMS language mapping and nTMS-based DTI FT, followed by awake surgery for tumor resection. Both nTMS language mapping and DTI FT data were available for resection planning and intraoperative guidance. Clinical outcome parameters, including craniotomy size, extent of resection (EOR), language deficits at different time points, Karnofsky Performance Scale (KPS) score, duration of surgery, and inpatient stay, were assessed. RESULTS According to postoperative evaluation, 28.3% of patients showed tumor residuals, whereas new surgery-related permanent language deficits occurred in 8.3% of patients. KPS scores remained unchanged (median preoperative score 90, median follow-up score 90). CONCLUSIONS This is the first study to present a clinical outcome analysis of this very modern approach, which is increasingly applied in neurooncological centers worldwide. Although human language function is a highly complex and dynamic cortico-subcortical network, the presented approach offers excellent functional and oncological outcomes in patients undergoing surgery of lesions affecting this network.
tumor resection, thus ideally leading to optimal postoperative quality of life and prolonged patient survival. 2, 10, 36, 47 However, the gold standard of awake surgery with DES and IONM can be supported by various preoperative adjuncts that allow for mapping of language function prior to tumor resection, which enables the treating neurosurgeon to assess functionally critical cortical and subcortical structures in advance. 39 Among the most common options in clinical routine, functional MRI (fMRI) and magnetoencephalography (MEG) have been applied successfully. 16, 35, 39, 40, 43, 44 In addition, navigated transcranial magnetic stimulation (nTMS) has been introduced recently as a novel technique for preoperative language mapping in patients with brain tumors. 42, 56, 63 By using a magnetic coil, magnetic pulses can be delivered over preselected areas of the scalp of a patient, and these pulses can be spatially related to the respective patient's individual cortical anatomy, thanks to an integrated neuronavigation unit. 45, 54 The pulses develop into an electric field that is then capable of stimulating nervous tissue of the brain and can result in transient language disturbances of different kinds when language-related structures are affected by the induced electric field. 18, 34, 63 Because this approach primarily allows one to parcellate the stimulated cortex into language-positive and language-negative sites, nTMS language mapping has been combined with diffusion tensor imaging fiber tracking (DTI FT) to allow the neurosurgeon to also gain information about subcortical language-related structures. 38, 52, 55 The novel approach of nTMS language mapping and nTMS-based DTI FT is increasingly used in specialized neurooncological centers, and standardized mapping protocols and clinical workflow have been established. 30, 54 However, the distinct impact of nTMS language mapping on clinical treatment and outcome has only been analyzed in 1 previous study, which did not routinely apply nTMSbased DTI FT in addition to cortical mapping. 53 This earlier study investigated different types of brain tumors but showed that postoperative language deficits were significantly less frequent in patients who underwent preoperative nTMS language mapping when compared to a control group without preoperative nTMS language mapping, and a trend toward fewer unexpected tumor residuals was observed. 53 Against this background, this study presents the first detailed analysis of using preoperative functional data derived from both nTMS language mapping and nTMSbased DTI FT as an adjunct to awake surgery. The study evaluates the impact of this approach on functional and neurooncological outcome measures among patients suffering from highly language-eloquent gliomas.
Methods

Patients and Enrollment
Written informed consent was obtained from all patients. The study protocol was approved by the local ethics committee and was followed in accordance with the Declaration of Helsinki.
All enrolled patients were treated at our neurosurgical department between January 2011 and October 2017.
Only patients who were diagnosed with a left-hemispheric perisylvian brain tumor (according to preoperative imaging) that was postoperatively confirmed to be a low-grade glioma (LGG) or high-grade glioma (HGG) according to histopathological examination were included for this post hoc analysis of our prospectively collected cohort data. The enrolled patients underwent preoperative nTMS language mapping (and nTMS-based DTI FT) in addition to consecutive awake surgery for tumor resection, including DES and IONM. Exclusion criteria were age less than 18 years, metallic implants (e.g., cochlear implant, cardiac pacemaker, or deep brain stimulation electrodes) as contraindications for nTMS language mapping, and preoperative aphasia to a degree that would not allow preoperative or intraoperative language testing.
Clinical Examinations
Prior to surgery, each patient underwent standardized clinical examinations, which covered testing of sensory function, coordination, muscle strength, and cranial nerve function. Furthermore, the patient's Karnofsky Performance Scale (KPS) score was assessed. Language ability was evaluated by neuropsychologists using the Aachen Aphasia Test, which was supplemented by further definitions of aphasia grades: 23, 24 ,29,31,53 1) no deficit (grade 0); 2) mild deficit (grade 1; normal speech comprehension and/ or conversational speech with slight amnesic aphasia, adequate communication ability); 3) medium deficit (grade 2; minor disruption of speech comprehension and/or conversational speech, adequate communication ability); and 4) severe deficit (grade 3; major disruption of speech comprehension and/or conversational speech, clear impairment of communication ability).
The clinical examinations were repeated postoperatively during the inpatient stay and during follow-up examinations in the outpatient clinic.
Magnetic Resonance Imaging
Imaging was performed on a 3-T MRI scanner (Achieva, Philips Medical Systems, or Verio, Siemens Healthcare). Our standard minimum preoperative and follow-up protocol in patients harboring brain tumors includes a FLAIR sequence, a 3D T1-weighted gradient echo sequence with and without application of a contrast agent (gadopentetate dimeglumine; Magnograf, Marotrast GmbH), and DTI sequences with 6, 15, or 32 orthogonal diffusion directions. 54 Immediate postoperative imaging was performed within the first 48 hours subsequent to surgery, again using FLAIR and T1-weighted sequences as well as diffusion-weighted and T2*-weighted imaging to search for ischemic events or intracranial bleeding.
Preoperative nTMS nTMS Language Mapping
Language mapping was performed prior to surgery by nTMS (eXimia NBS system; version 3.2.2 or 4.3, Nexstim Plc.). The 3D T1-weighted sequence of the respective patient was uploaded to the nTMS system and used during stimulation for neuronavigation purposes (Fig. 1) . 42, 45, 54, 63 After the resting motor threshold (rMT) was determined, language mapping was performed with 80%-120% of the individual rMT and 5-7 Hz according to a standardized protocol using an object-naming task. 30, 32, 42, 57 Subsequent to nTMS language mapping, the video and audio data were analyzed with the aim of detecting naming errors of the following categories: no responses, performance errors, neologisms, phonological paraphasias, and semantic paraphasias. 30, 32, 34, 42, 57 Hesitation errors were not routinely taken into account. Stimulation sites that showed naming errors of the above-mentioned categories were defined as language-positive, whereas all other stimulation sites were classified as language-negative.
nTMS-Based DTI FT
All language-positive sites were transferred to an external server for deterministic nTMS-based DTI FT (BrainLAB iPlan Net server, version 3.0.1; BrainLAB AG). The group of language-positive sites was first fused with the preoperatively acquired MRI sequences. Then, these sites were defined as a region of interest, and tractography was conducted with a minimum fiber length of 100 mm and a predefined fractional anisotropy of 0.1 or 0.15, enabling visualization of language-related subcortical tracts. 38, 52, 54, 55 The resulting data set-consisting of preoperative MRI sequences, language-positive sites, and nTMS-based tractography-was then saved for preoperative surgical planning and for intraoperative application during tumor removal.
Awake Surgery
All patients underwent awake surgery for tumor removal within the scope of an asleep-awake-asleep approach using DES and IONM as previously published. 19, 37, 61, 62 The saved data set, including nTMS results of the respective patient, was available on intraoperative navigational screens during the whole procedure (BrainLAB Curve, BrainLAB AG; Fig. 2 ).
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Bupivacaine was applied for anesthesia of the galea and dura, and sedation was achieved by infusion of remifentanil and propofol. The sedation was stopped approximately 20 minutes prior to DES, which was applied during performance of an object-naming, verb-generation, and action-naming task, with the task performance evaluated by a neuropsychologist. 29 DES used both bipolar (cortical stimulation) and monopolar (cortical and subcortical stimulation) electrodes (Inomed Medizintechnik GmbH) and was guided by the results of the preoperative data provided by nTMS and nTMS-based DTI FT (Fig. 2) . A surface electroencephalogram was recorded to detect intraoperative seizures. Cortical sites adjacent to the ongoing resection were stimulated at least 3 times. 26, 27 Criteria for limiting the extent of resection (EOR) during surgery were strictly based on functional borders rather than on anatomical imaging to achieve the most optimal EOR.
Analysis of Clinical Outcome
The following parameters were assessed to evaluate the clinical outcome.
Craniotomy Size
The craniotomy size was measured in anterior-posterior (AP) and lateral directions based on postoperative MRI. The overall size was then calculated.
Duration of Surgery and Inpatient Stay
The data on duration of the surgical procedure and inpatient stay were extracted from the patient charts.
Extent of Resection
The EOR was assessed macroscopically by the surgical team intraoperatively and by postoperative evaluation. Postoperative evaluation included postoperative and follow-up MRI and PET, if available. We differentiated between gross-total resection (GTR; no residual tumor present macroscopically at the end of surgery, in MRI, and in PET) and subtotal resection (STR). Any tumor residual that was confirmed by postoperative evaluation but was not expected by the neurosurgeons was defined as "unexpected residual."
Language Deficit
Language function was assessed preoperatively, postoperatively (on postoperative day 5), and during follow-up examinations (with the first regular follow-up 3 months after surgery) according to the above-mentioned grades (see Clinical Examinations above). Transient aphasia was
FIG. 1. Preoperative nTMS. This figure depicts nTMS language mapping
with a 3D T1-weighted MRI sequence for neuronavigation purposes. Both language-negative nTMS sites (gray) and language-positive nTMS sites (white) are displayed. The colored arrow indicates the currently selected stimulation point and visualizes the localization and angulation of the induced electric field as chosen during pulse application. Only language-positive nTMS sites (white) were exported and used for subsequent nTMS-based DTI FT and during awake surgery. The figure is derived from nTMS language mapping in a patient harboring a large left-hemispheric HGG affecting the supramarginal and angular gyrus. defined as any new or worsened deficit due to surgery that resolved within the regular follow-up interval. Permanent aphasia was defined as any new or aggravated deficit due to surgery that did not resolve to the preoperative status within the regular follow-up interval.
KPS Score
The KPS score was determined preoperatively, postoperatively (on postoperative day 5), and during follow-up examinations (with the first regular follow-up 3 months after surgery). The preoperative scores were then compared against the scores registered during these later examinations.
Statistical Analysis
The parameters assessed in this study are presented as means ± standard deviations, medians, ranges, or absolute/relative frequencies. Results are shown either for all patients together or separately for patients suffering from LGG or HGG. Values were calculated using GraphPad Prism, which was also used for the generation of graphs (version 7.0, GraphPad Software Inc.).
Results
Study Population
Overall, 60 patients suffering from left-hemispheric LGG or HGG fulfilled the inclusion criteria and were enrolled in the present study. All included patients underwent preoperative nTMS language mapping followed by awake surgery at our neurosurgical department. Forty-five patients (75%) also underwent preoperative nTMS-based DTI FT (nTMS-based tractography was not routinely performed in patients during the years 2011-2013). Table 1 shows relevant patient-related characteristics.
Craniotomy Size
The AP extent of the craniotomy was 7.5 ± 1.4 cm (range 4.1-10.4 cm). Furthermore, the lateral extent measured 5.0 ± 2.1 cm (range 1.5-8.9 cm). The resulting over-
FIG. 2.
Neuronavigation during awake surgery. This figure illustrates the integration of language mapping data by nTMS including nTMS-based DTI FT into neuronavigation during surgery. MRI fused with language-positive nTMS sites (purple) and nTMS-based DTI FT of language-related pathways (purple) was available on intraoperative navigational screens during the entire surgical procedure. In addition to data derived from nTMS language mapping and tractography, motor-positive nTMS sites (green) and nTMSbased DTI FT of the corticospinal tract (yellow) are shown in this illustrative case of a patient suffering from a left-hemispheric HGG affecting the supramarginal and angular gyrus.
all area of the craniotomy accounted for 37.6 ± 17.6 cm 
Extent of Resection
According to intraoperative macroscopic evaluation of the EOR by the surgical team, tumor residuals were present in 11 patients (18.3%; LGG, 5 patients, 35.7%; HGG, 6 patients, 13.0%) at the end of the surgical procedure. According to postoperative evaluation including evaluation of imaging, 17 patients (28.3%; LGG, 6 patients, 42.9%; HGG, 11 patients, 23.9%) showed tumor residuals. Unexpected tumor residuals were found in 6 patients (10.0%;
LGG, 1 patient, 7.1%; HGG, 5 patients, 10.9%). Figure 3 shows the fractions of GTR or STR according to postoperative evaluation.
Language Deficits
Transient language deficits were found in 19 patients (31.7%; LGG, 7 patients, 50.0%; HGG, 12 patients, 26.1%). Furthermore, 5 patients (8.3%; LGG, 1 patient, 7.1%; HGG, 4 patients, 8.7%) suffered from a new surgery-related permanent worsening of language function. However, none of the patients with surgery-related permanent deficits presented with an aphasia grade 3 at the first regular follow-up. Table 2 and Fig. 4 provide a detailed overview of the language status at different time points.
Karnofsky Performance Scale Score
The median preoperative KPS score was 90 (range 60-100; LGG: median 95, range 80-100; HGG: median 90, range 60-100), and the same overall median KPS score was also recorded in terms of the postoperative (range 50-100; LGG: median 90, range 70-100; HGG: median 85, range 50-100) and follow-up states (range 50-100;
LGG: median 90, range 80-100; HGG: median 90, range Overall, 60 patients were enrolled, who suffered from either LGG (n = 14 patients) or HGG (n = 46 patients). * According to postoperative histopathological evaluation. † According to measurements during preoperative imaging.
FIG. 3. Extent of resection.
This bar chart shows the percentage of patients in whom GTR or STR was achieved according to postoperative evaluation, including evaluation of imaging. The fractions were calculated in relation to the total number of patients enrolled suffering from either an LGG (n = 14 patients) or HGG (n = 46 patients). This table shows the relative frequencies of patients who suffered from different grades of language deficits (grade 0 = no deficit, grade 1 = mild deficit, grade 2 = medium deficit, grade 3 = severe deficit) according to preoperative, postoperative (on postoperative day 5), and follow-up examinations, with the first regular follow-up occurring 3 months after surgery. Furthermore, data on surgery-related transient or permanent language deficits are provided. 
50-100). The median difference in KPS scores when com-
Duration of Surgery and Inpatient Stay
For all enrolled patients combined, the duration of the entire awake procedure from the skin incision to the suture at the end of surgery was 256.5 ± 52.7 minutes (range 156.0-405.0 minutes). The median inpatient stay was 9.0 days (range 4.0-34.0 days).
Discussion Preoperative Language Mapping
This study presented the combination of preoperative nTMS language mapping with nTMS-based DTI FT and awake surgery for the resection of highly languageeloquent brain tumors as a modern setup. It furthermore analyzed a variety of clinical outcome parameters of this novel approach, which has not yet been undertaken for this combination.
The need for individual language mapping is based on the high potential of plastic reorganization of cortical and subcortical language-related structures as repeatedly reported for patients suffering from brain tumors. 3, 7, 8, 14, 17, 59 Hence, patients with tumor-induced plastic reshaping are unlikely to present highly language-eloquent structures only at sites known from the textbook; they rather present with at least partial reallocation of sites within the tumor-affected or contralateral hemisphere. 3, 7, 8, 14, 17, 59 This reallocation can be mapped by DES during awake surgery, but further techniques are commonly used preoperatively to assess plastic reshaping noninvasively and the spatial relationship between language-related structures and the tumor volume. This can help during resection planning and intraoperative guidance. Among these techniques, fMRI and MEG are most frequently applied. However, both have been shown to harbor relevant limitations when considering mapping of tumor-affected brains. Concerning fMRI, it has been demonstrated that the blood oxygenation level-dependent (BOLD) contrast lacks accuracy in patients with changed intracranial oxygen levels, which are regularly present in the vicinity of gliomas due to their glucose and oxygen consumption from surrounding brain tissue. 13, 15, 22, 51 In contrast to BOLD fMRI, preoperative MEG in patients harboring brain tumors is not reported to severely suffer from altered oxygen levels. However, MEG represents a more expensive alternative that is not widely available. Furthermore, preoperative MEG has primarily been applied to assess language lateralization without distinct detection of specific language-related sites because it identifies regions of cortical activity without testing of single areas, as DES does. 12, 28, 41, 63 Another limitation is related to analysis algorithms: a dipole analysis is commonly used, which is known to be sensitive to noise and the selection of model parameters. 12 More robust methods are currently developed for preoperative MEG applications; however, the goal of any analysis mostly remains to determine language lateralization without gaining explicit data about single language-related sites. 20, 21 Due to the shortcomings reported for fMRI and MEG, nTMS has been recently introduced as an alternative for language mapping in patients harboring perisylvian brain tumors. 42, 56, 63 The approach uses noninvasive but targeted stimulation of the brain with the aim of eliciting language disturbances during performance of a task; thus, the technique is principally comparable to DES during awake surgery, which reflects the current gold standard in functional brain mapping. [60] [61] [62] The noninvasive nature of nTMS enables its preoperative application as a neurosurgical tool for resection planning and guidance, which has been shown to be safe and well tolerated. 64 Moreover, preoperative nTMS language mapping has already been compared to preoperative fMRI and MEG in combination with DES, with the result that nTMS correlates well with DES for neurosurgical applications. 26, 56, 63 In this context, preoperative nTMS detected language-related cortical sites in the vicinity of an HGG that correlated well with DES, whereas fMRI failed to demonstrate the same sites and wrongly indicated language dominance within the unaffected hemisphere. 56 Furthermore, nTMS language maps were shown to correlate well with those generated by DES, while MEG lacked the same level of correlation in a cohort consisting of 12 patients suffering from language-eloquent tumors. 63 The addition of nTMS-based DTI FT to nTMS language mapping, as presented in this study, enables the visualization of subcortical language-related pathways. Although the results of nTMS-based DTI FT of language-related pathways have not yet been confirmed by subcortical DES due to the novelty of the approach, this method appears to be helpful in guiding resection trajectories and resection per se. 25 In the present study, 28.3% of patients initially harboring highly language-eloquent gliomas showed residuals according to postoperative evaluation. Preoperative nTMS language mapping combined with nTMS-based DTI FT, incorporated into intraoperative neuronavigation, may lead to an increased confidence of the neurosurgeon in identifying the individual functional anatomy of the patient, thus possibly leading to more radical resections. Similar associations have already been suggested in terms of intraoperative techniques such as DES and IONM. 5, 9, 60 Concerning surgery-related language deterioration, 31.7% of patients enrolled in this study suffered from transient surgery-related language deficits, whereas 8.3% of patients suffered from permanent deficits; however, no patient suffered from a severe surgery-related permanent deficit. In this context, various prior studies examined short-and long-term outcome following DES in LGG and HGG. Immediate transient postoperative deterioration of language function has been shown to exist in 14%-50% of patients. 11, 49, 66 Permanent new surgery-related decline of function can be observed in approximately 5%-20% of patients on average. 1, 4, 50, 65 Of note, the selection of patients for awake surgery can differ significantly between centers and likewise plays a highly relevant role regarding clinical outcome. 58 During the time of enrollment for the present study, no patient was determined to harbor a nonresectable tumor, thus leading to the inclusion of a consecutive series of patients with highly language-eloquent lesions. Inclusion of such patients with potentially high risks of surgery-related permanent deficits due to tumor location can be obtained by detailed preoperative information as outlined in this report, which also helps to qualify more patients for a surgical approach. Thus, such valuable noninvasive data might lead not only to a considerably low rate of deficits but also to a higher number of patients undergoing surgery.
Limitations of the Study
Although this is the first study to analyze various outcome parameters of the combined approach of nTMS language mapping followed by nTMS-based DTI FT and awake surgery, we have to acknowledge some limitations. First, the present study analyzed clinical outcome without a control group; thus, follow-up studies that include randomized controlled trials are needed to prove the optimized outcome in comparison to patients who do not undergo such an extensive preoperative workup. Moreover, the lack of a control group-with random assignment of patients to the nTMS group or control group and the investigators blinded to these assignments-can principally result in a bias regarding the evaluation of clinical outcome parameters, with trends toward favorable evaluations. The outcome data shown in the present study were primarily collected within the scope of clinical routine and, thus, reflect the state of the patients that was documented by experienced neurosurgeons and neuroradiologists. Furthermore, we used comparatively broad and standardized categories for evaluation (e.g., 4 grades of aphasia, KPS scores), which are well defined and should allow for clear allocation of patients without much margin for misinterpretation. Second, a multimodal study comparing preoperative nTMS language mapping and tractography to fMRI or MEG prior to awake surgery seems reasonable to evaluate whether this novel approach is favorable; this is also not provided by this study. As aforementioned, modality comparisons have already been performed, but these focused on accuracy of preoperative methods in comparison to DES without distinct analyses of clinical outcome. 26, 56, 63 Third, nTMS language mapping has been shown to correlate well with DES; nevertheless, it suffers from a comparatively low specificity and positive predictive value, combined with a high overall sensitivity and a high negative predictive value. 33 The high sensitivity may indicate that not all language-positive nTMS sites are essential or nonresectable sites from a neurosurgical point of view but are rather involved in language processing. 33 Thus, negative nTMS language mapping was shown to correlate well with negative DES, which is actually sufficient for neurosurgical clinical application, because even for awake surgery, some centers rely fully on mapped but language-negative cortical areas. 19, 63 Nevertheless, further nTMS protocol optimizations may help to increase the positive correlation to DES. One previous study already showed the successful stand-alone use of nTMS and nTMS-based DTI FT in very preselected patients who were unable to undergo awake surgery. 25 Yet, if awake surgery is possible, this should always be the first choice.
Conclusions
The present study combined nTMS language mapping with nTMS-based DTI FT to provide a comprehensive preoperative approach for anatomico-functional language assessment among patients suffering from highly language-eloquent gliomas. It reflects the first study to analyze various clinical outcome parameters in the context of this novel approach. Our preoperative setup, combined with subsequent awake surgery including DES and IONM, resulted in good clinical outcome.
